To find genes involved in natural competence in Helicobacter pylori, we used a bioinformatics database search and found two transformation-related open reading frames (ORFs): a comE3 homologue (HP1361 ORF) of Bacillus subtilis and a comL homologue (HP1378 ORF) of Neisseria gonorrhoeae. We failed to obtain an HP1378 ORF knockout mutant, while an HP1361 ORF knockout mutant was obtained by transposon shuttle mutagenesis. The DNA transformation abilities of both natural transformation and electroporation were severely impaired (frequency, <10 ؊9 ) in the HP1361 ؊ mutant. Complementation with a pHel2 vector carrying the HP1361 ORF restored the capabilities of natural competence (to a frequency of 4.21 ؋ 10 ؊7 ) and electroporation (to 3.62 ؋ 10 ؊7 ). The HP1361 ؊ mutant showed impairment in DNA binding and uptake. The results suggest that HP1361 is a comE3 homologue and is required for DNA binding and uptake during DNA transformation.
Most Helicobacter pylori strains are naturally competent. Gene transfer between H. pylori strains is extremely common and causes a high degree of diversity (21) . Besides contributing to the development of genetic diversity, natural competence in H. pylori is also helpful in the adaptation of H. pylori to changing environments and may shed light on the clinically important issues of virulence and the development of antibiotic resistance (4, 13) . Resistance to metronidazole, a key component of widely used combination regimens for H. pylori eradication, was recently shown to be associated with natural competence (24) . To study genes involved in natural transformation, we searched two complete genome sequences of H. pylori and found two transformation-related open reading frames (ORFs): a comE3 homologue (HP1361 ORF) of Bacillus subtilis and a comL homologue (HP1378 ORF) of Neisseria gonorrhoeae (1, 22) . We tried to study these two ORFs by knockout analysis and complementation. However, only the HP1361 mutant could be obtained; we therefore tried to characterize the HP1361 gene and its role in the natural transformation of H. pylori.
The bacterial strains used in this study are listed in Table 1 . H. pylori cells grown on Columbia blood agar plates for 48 h were harvested for subsequent experiments. The HP1361 ORF was amplified by PCR from a naturally competent clinical isolate (NTUH-C1) by using a primer pair, comE3f (5Ј-GGG TGTGTGGGGTGTTTTTAAGCCTTT-3Ј) and comE3r (5Ј-ACCTACAATTAAGCTAGGCATTATAAT-3Ј); the HP1361 ORF was then ligated into a pILL570 vector. This ORF had a full length of 1,251 bp encoding 417 amino acids. The transposon miniTnKm was transposed into the cloned HP1361 ORF fragments in Escherichia coli HB101 by two consecutive conjugation steps as described previously (17) . After natural transformation and kanamycin selection, we obtained the HP1361 knockout mutant NTUH-C1-Em. The insertion of the miniTnKm cassette within the HP1361 ORF was confirmed by PCR using primer pair comE3f and comE3r and primer pair KmCf (5Ј-ATATCYCGR GGATAAACCCAGCGAACCATT-3Ј) and KmCr (5Ј-TATAC YCGRGCTCGACATACTGTTCTTCCC-3Ј).
Natural transformation and electroporation were performed as previously described (5) . To determine the transformation frequency, a chloramphenicol acetyltransferase (CAT) cassette (a gift from D. E. Taylor) inserted with the H. pylori gene yxjD (23); a 23S rRNA gene from a clarithromycin-resistant strain, with an A-to-G mutation at nucleotide 2143 (15) , in a pCR2.1 vector (Invitrogen, Carlsbad, Calif.); and an E. coli-H. pylori shuttle vector, pHel2 (a gift from R. Haas) (12) , which carries the CAT gene, were used as DNA donors. The transformation frequency was defined as the number of resistant colonies divided by the total number of viable bacteria.
PCR products amplified by the primer pair comE3f and comE3r were used to determine the sequences of the HP1361 ORF in clinical isolates. Inverse PCR was used for the determination of the miniTnKm insertion site. Chromosomal DNA from NTUH-C1-Em was extracted, subsequently completely digested with restriction endonuclease HindIII, and self-ligated by T4 DNA ligase. Primers KmCf and KmCr were used for inverse PCR; sequences were determined by using primer Km-seq3 (5Ј-TGGTAACTGTCAGACCAAGTTTACTC-3Ј). Automatic sequencing was performed with an ABI PRISM 377 genetic analyzer (Applied Biosystems) as described previously (5) .
Total RNAs of H. pylori cells were extracted as described previously (3) . Ten micrograms of total RNA from each H. pylori isolate was transferred onto a nylon membrane (Roche Diagnostics GmbH, Mannheim, Germany) by using a slot blot system (Amersham Biosciences, Little Chalfont, Buckinghamshire, United Kingdom). The membranes were prehybridized, hybridized with RNA probes, and detected with a digoxigenin (DIG) luminescence detection kit (Roche Diagnostics). Antisense 23S rRNA and antisense HP1361 RNA probes were transcribed in vitro by using cloned genes in a pCRII-TOPO vector and were labeled with DIG by a DIG RNA labeling kit (SP6/T7) (Roche Diagnostics). Densitometry was analyzed with an NIH Image version 1.62 software program by using 23S rRNA as the internal standard (3).
For complementation of HP1361 ORF, a promoter of the urease operon (HP0073 to HP0072) (Pure) and a DNA fragment containing the HP1361 ORF, its upstream 233 bp, and its downstream 108 bp were amplified by using PCR primer pair Puref-NotI (5Ј-GCGGCCGCTCAGTTGGTAGAGCAC-3Ј) and Purer-XhoI (5Ј-CTCGAGCTTATTCTCCTATTCTTA-3Ј) and primer pair HP1362f-XhoI (5Ј-GAACTCGAGGCTG AAATCATTGTGGCT-3Ј) and HP1360r-XbaI (5Ј-ATGTCT AGAAAATATCGTATGCTCC-3Ј), respectively. These two DNA fragments were ligated into a pCRII-TOPO vector sequentially by using the unique restriction enzyme sites NotI, XhoI, and XhoI and XbaI, respectively. The Pure-HP1361 fragment was amplified by using a primer pair, Puref-NotI and HP1360r-XbaI, cloned into a pCRII-TOPO vector by another TA cloning procedure, excised from the plasmid, and finally ligated into the pHel2 vector by using EcoRV sites. This transcomplementation plasmid was named pC1. pC1 was introduced into NTUH-C1 by natural transformation and resulted in NTUH-C1pC1. Chromosomal DNA from NTUH-C1-Em was transformed into NTUH-C1pC1, and selection of chromosomal HP1361 knockout strains was performed to obtain the complementation strain NTUH-C1-EmpC1.
DNA binding and uptake assays were performed as described previously (6) with minor modifications. A 294-bp DNA fragment was labeled with [␣-32 P]dCTP by PCR using primer pair Puref-NotI and Purer-XhoI. The purified PCR product had a specific activity of 1.4 ϫ 10 7 cpm/g. Twenty-five microliters of the bacterial suspension (corresponding to 10 8 CFU) was mixed with 5 ng of a 32 P-labeled DNA fragment and incubated on plates for 24 h. The cells were then scraped and resuspended in 200 l of phosphate-buffered saline (PBS). For uptake assays, the samples were treated with 100 g of DNase I for 1 h at room temperature in order to degrade exogenous DNA. The cells were washed with PBS three times and resuspended in 25 l of PBS. Each sample was added to 3 ml of scintillation liquid, and cell-associated radioactivity was measured on a scintillation counter. A total of six experiments were performed for each uptake and binding assay.
HP1361 knockout mutant NTUH-C1-Em was obtained by transposon mutagenesis. DNA sequencing of NTUH-C1-Em showed that the miniTnKm cassette was inserted between nucleotides 1095 and 1096 of the HP1361 gene. The natural transformation capability of NTUH-C1-Em was profoundly decreased (no colony on selective medium, i.e., a frequency of Ͻ10 Ϫ9 ) ( Table 2 ). Because the knockout of the HP1361 ORF abolishes the transferring DNA by either natural transformation or electroporation, the complementation should be done by adding a transcomplementation plasmid prior to knocking out the wild-type HP1361 gene. The transformation frequency in NTUH-C1pC1, a wild-type NTUH-C1 strain carrying plasmid pC1, decreased from 10 Ϫ4 to 2.42 ϫ 10 Ϫ7 compared with that of NTUH-C1 ( Table 2 ). The complementation strain NTUH-C1-EmpC1 restored the natural transformation frequency to 4.21 ϫ 10 Ϫ7 ; although lower than that for NTUH-C1, it was almost the same as that for NTUH-C1pC1 ( Table 2 ). The transformation frequencies of electroporation for NTUH-C1, NTUH-C1pC1, and NTUH-C1-EmpC1 were similar to the frequencies of natural transformation (Table 2 ). These results suggested that the HP1361 ORF was a comE3 homologue and was essential to DNA transformation in H. pylori.
We could not obtain any transformant by natural transformation or by electroporation in HP1361 knockout mutant (Table 2 ). This result indicated that knockout of the HP1361 ORF may interfere with DNA binding or uptake.
The results of DNA binding and uptake assays showed that the HP1361 ORF is important for DNA uptake but is also involved in extracellular DNA binding. When the HP1361 ORF was knocked out, DNA uptake ability dropped to 21.3% and binding ability dropped to 25.4% compared to those of the wildtype strain (Fig. 1) . NTUH-C1-EmpC1 restored partial binding and uptake abilities to 82.1% (uptake) and 64.6% (binding). There are two H. pylori 26695 HP1361 homologues which are reported to associate with natural transformation: ComEC of B. subtilis (GenBank accession number CAB14499.1) and Rec2 of Haemophilus influenzae (GenBank accession number AAC21739.1). A comparison of these amino acid sequences showed that HP1361 of NTUH-C1 shared 22.90% similarity to the ComEC N terminus (34 of 495 amino acids) and 21.97% similarity to the Rec2 N terminus (51 of 534 amino acids) (Fig.  2) . We randomly chose 23 clinical isolates for PCR analysis; 15 were naturally competent and 8 were noncompetent. All of these strains were positive by PCR using primer pair comE3f and comE3r. Comparison of amino acid sequences from the DNA sequencing data of four naturally competent (NTUH-C1, NTUH-C2, NTUH-C3, and NTUH-C4) and four noncompetent (NTUH-I1, NTUH-I2, NTUH-I3, and NTUH-I4) clinical isolates revealed 95 to 98% similarity to H. pylori 26695 HP1361 and 94 to 98% similarity within these clinical isolates. There is no significant difference between these two groups (data not shown). RNA slot blot analysis revealed that HP1361 mRNA was expressed in all 23 strains; however, there was no difference in RNA expression between 15 competent and 8 noncompetent strains (Fig. 3) .
H. pylori is one of the most diverse bacterial species. New genotypes of H. pylori are generated by recombination that is fast enough to essentially eliminate the effect of clonal descent on the population structure (20) . One of the mechanisms of horizontal gene transfer used by H. pylori is natural transformation. HP0333, comB, comH, a virB4 homologue, and the type IV secretion system of H. pylori were reported to be associated with natural transformation (2, 5, 14, 18, 19) . The process of natural transformation has been well studied in model organisms such as B. subtilis, Streptococcus pneumoniae, H. influenzae, and N. gonorrhoeae (7, 8, 9, 10) . First, extracellular DNA binds the surfaces of bacteria; next, the DNA is usually restricted into fragments of a suitable length and then transported into the cytoplasm through a channel or translocator protein. In the model for natural transformation in H. pylori put forward by Smeets and Kusters (20) , ComB proteins may form a pore-like complex for DNA translocation, but how the proteins perform the DNA processing before transport through the cell wall is still unclear.
In B. subtilis, ComE3 is involved in natural transformation and is specifically required for DNA uptake (11) . Although there are no experimental data to demonstrate associated ATPase activities, ComE3 is predicted to be a DNA translocator (11) . In this study, we demonstrated that the comE3 homologue, the HP1361 ORF, is also essential for natural transformation in H. pylori. Knockout of this gene resulted in the abolishment of the ability of natural transformation (frequency, Ͻ10 Ϫ9 ). Significantly, DNA binding and uptake assays revealed that the HP1361 ORF played an important role in these two processes. This finding may aid in understanding the early steps of Smeets and Kusters's transformation model (20) . Using the GES hydrophobicity scale data from The Institute for Genomic Research (http://www.tigr.org), HP1361 was predicted to be a transmembrane protein. This was in agreement with the prediction that HP1361 was a membrane-or peri- (11) .
Transcomplementation was done by adding a pHel2 plasmid containing Pure-HP1361 and then by adding knockout wildtype HP1361. The reasons for using the urease promoter were (i) that no definite promoter upstream of the HP1361 ORF was identified and (ii) that Pure is constitutively expressed in H. pylori. Transformation frequency was only partially restored in the complementation strain NTUH-C1-EmpC1. Nevertheless, in NTUH-C1pC1, the wild-type strain NTUH-C1 added to on August 15, 2017 by guest http://iai.asm.org/ pC1, the transformation frequency also decreased to approximately that of NTUH-C1-EmpC1. Under the control of the relatively stronger promoter Pure, HP1361 protein could be overexpressed. DNA binding and uptake were increased in the complementation strains; however, transformation frequencies were lower than those for the wild type. This finding suggested that overexpression of HP1361 could interfere with other proteins in subsequent natural processes of transformation. We failed to express the HP1361 protein in several E. coli expression systems. This protein may be as toxic to E. coli as the ComE protein of B. subtilis (16) . There is no significant difference in amino acid sequence or RNA expression between competent and noncompetent strains. Therefore, HP1361 was not the cause of differences in the natural-competence phenotype.
In conclusion, HP1361 is a ComE3 homologue and is required for DNA binding and uptake during DNA transformation of H. pylori. 
